Twelve temperature-sensitive mutants were isolated from Hyphantria cunea nuclear polyhedrosis virus grown in Spodopterafrugiperda cells and were sorted into four groups by their properties in plaque assays at the non-permissive temperature (32 °C). The phenotypes of the four groups were as follows: (i) failure to make polyhedra, (ii) few polyhedra formed, (iii) reduced plaquing efficiency, (iv) small plaque size. Ten mutants had reduced plaque size and polyhedra formation at 32 °C. One mutant formed plaques without polyhedra, had a reduced infectious virus titre at 32 °C and also showed a defect in late gene function. Two mutants formed small plaques with few polyhedra and were temperature-sensitive with respect to production of extracellular nonoccluded virions at 32 °C. Other phenotypes were also distinguished. The formation of polyhedra by all the mutants was 2 to 4 h faster at 32 °C than at 25 °C. After temperature shift-up from 25 °C to 32 °C at 12 h post-infection polyhedron formation was still 2 to 4 h faster. Complementation analyses based on polyhedron formation in double infections at 32 °C distinguished four complementation groups.
INTRODUCTION
Temperature-sensitive (ts) mutants of baculoviruses have been isolated for Autographa californica nuclear polyhedrosis virus (AcNPV) (Brown et al., 1979; Lee & Miller, 1979; Brown & Faulkner, 1980; Duncan & Faulkner, 1982; Gordon & Carstens, 1984) . The mutant phenotypes were sorted into at least 15 different complementation groups and into five groups distinguishable at the non-permissive temperature. Preliminary genetic maps were constructed using some of these ts mutants (Brown & Faulkner, 1980; Miller, 1981) . Physical maps of AcNPV were prepared (Miller & Dawes, 1979; Smith & Summers, 1979; Vlak, 1981) , and map locations for about 35 specific polypeptides of AcNPV were identified Rohel et al., 1983) . So far genetic analysis involving mutants of other NPVs has not been reported. About 400 different baculoviruses have been isolated to date, but only a few of these can multiply in insect cell lines in vitro.
We have undertaken a genetic analysis ofHyphantria cunea NPV (HcNPV) because the insect is a serious pest in Korea. HcNPV was isolated from dead larvae near Seoul and purified (Choe et al., 1986) . The alkali-disrupted nucleocapsids were used to infect Spodopterafrugiperda cells in vitro (Lee, 1987) . From these infected cell cultures non-occluded virus (NOV) strains were isolated and purified by plaque purification for genetic studies. We now report the successful isolation and partial characterization of 12 HcNPV ts mutants. The ts mutants were sorted into four complementation groups and the mutant phenotypes were classified in four groups.
METHODS

Virus and cells.
The parent virus used in this work was the HL-2 strain of HcNPV, which was described by Lee (1987) . The virus inoculum used was NOV derived from cell culture media (Volkman et al., 1976; Volkman & Summers, 1977; Lee & Miller, 1979; Lee, 1987) . The S.frugiperda cell line (IPLB-SF-21) (Vaughn et al., 1977) was 0000-8104 © 1988 SGM obtained from L. K. Miller (University of Georgia, Athens, Ga., U.S.A.) and used for propagation and plaque assay of NOV (Lee & Miller, 1979) . The cells were routinely maintained in TNM°FH medium (Hazleton Research Products, Kansas, U.S.A.) supplemented with 0-26% tryptose broth, 10~ foetal calf serum (Flow Laboratories), 100 units of penicillin and 100 Ixg of streptomycin per ml at 27 °C and passaged every 5 days (Lee, 1987) . For preparation of large amounts of cells, the ceils were grown in 200 to 300 ml suspension cultures at 27 °C.
Plaque assay. Plaque assays were carried out as described by Lee & Miller (1978) , with the following modifications. Approximately 2 x 106 S. frugiperda cells growing in TNM-FH medium were seeded in Petri dishes (60 x 15 mm) and incubated for 2 h at 27 °C. The medium was removed and, after appropriate dilution in TNM-FH medium, the HcNPV inoculum was used to infect the cell monolayer. Sixty min after infection the monolayer was washed with medium and then overlaid with 3 ml of supplemented TNM-FH medium containing 0.5 ~ agarose. For feeding purposes another 3 ml of the agarose medium was overlaid 24 to 48 h later. The cells were incubated at 27 °C for 4 to 5 days. Plaques were observed by staining with a 0.01 ~ solution of neutral red in TNM-FH overlay medium for 12 h.
Mutagen. N-Methyl-N'-nitro-N-nitrosoguanidine (NTG) was used as the mutagen (Aldrich). A stock solution was prepared by dissolving 1.0 mg of NTG in 10 ml of distilled water; it was stored at 4 °C.
Mutagenesis of HcNPV with NTG. Spodoptera frugiperda cells (2 x 106 cells per dish) growing exponentially in suspension culture were transferred into Petri dishes (60 x 15 mm) and incubated for 2 h at 27 °C. The medium was discarded and the cells were infected with the wild-type virus, HcNPV HL-2, at an m.o.i, of 5 p.f.u./cell. After 60 min adsorption at 27 °C, the monolayers were washed twice with TNM-FH medium, and the dishes were incubated with 5 ml of medium for 10 h at 25 °C. At 10 h post-infection, the stock solution of NTG was diluted so that the dishes contained 2, 6, 8, 14 or 20 Ixg of NTG per ml of medium. The dishes were incubated at 25 °C for 2 h, and then the NTG-containing medium was replaced with fresh NTG-free TNM-FH medium. The dishes were incubated for 20 h at 25 °C before collection of extracellular NOV. The infected culture media were centrifuged at 2000 g for 20 min, and the supernatants were titrated by plaque assay at 25 °C and stored at 4 °C as mutagenized HcNPV stocks.
Isolation ofts mutants of HcNPV. Isolation of ts mutants of HcNPV was performed as described by Lee & Miller (1979) with the following modification. Mutagenized virus stocks were diluted appropriately for plaque assay. The inoculated monolayers were overlaid with the overlay medium, incubated at 25 °C for 4 to 5 days, and stained with medium containing neutral red. Well-isolated plaques were randomly picked from dishes containing fewer than 10 plaques and screened for cytopathic effects at 25 °C and 32 °C after 5 days.
Rate of NO V release at 25 °C and 32 °C. Approximately 3 x 106 S. frugiperda cells were seeded in duplicate sets of Petri dishes (60 x 15 mm) and incubated for 2 h at 27 °C. The medium was removed, and the cells were infected with each of the ts mutants at an m.o.i, of 1 p.f.u./cell. After 1 h adsorption at 27 °C, the monolayers were washed twice with phosphate buffer (Lee & Miller, 1979) , and one set of dishes was incubated with 5 ml of TNM-FH supplemented medium for 30 h at 25 °C and the other set at 32 °C. Thirty b later, the media were harvested and centrifuged for 30 min at 4000 g. The concentration of NOV released into the supernatant was measured by the plaque assay.
Complementation analysis ofts mutants ofHcNPV. Complementation analysis of the ts mutants of HcNPV was performed at 32 °C as described by Lee & Miller (1979) . Approximately 1.5 x 106 S.frugiperda cells were seeded in a Petri dish (60 x 15 mm) and infected with pairs of ts mutants or with each of the mutants separately. The m.o.i. was 10 p.f.u./cell in single infections and 5 p.f.u./cell for each of the two mutants in double infections. The infected cells were then incubated at 32 °C. At 48 h post-infection, the percentage of cells containing polyhedra was determined using light microscopy.
Temperature shift experiments. Approximately 2 x 106 S.frugiperda cells per dish (60 x 15 mm) were infected with each ts mutant at an m.o.i, of 5 p.f.u./cell. After 1 h adsorption, 5 ml of TNM-FH medium was added to each of the dishes and the infected cells were incubated at 25 °C and 32 °C for 12 h. Twelve hours after infection, the cells being incubated at 25 °C were shifted to 32 °C and vice versa. The formation of polyhedra in the infected cells was then observed using light microscopy at 18, 20, 22, 24, 26, 28, 30, 32 and 48 h post-infection. Controls were incubated at 25 °C and 32 °C without temperature shift. Table 1 illustrates the lack of effect of the NTG concentration on the frequency of isolation of ts mutants. The largest numbers of ts mutants were isolated after treatment with 14 ~tg/ml of NTG. A total of 538 plaque isolates were screened for their ability to multiply at 25 °C and 32 °C. Of these 12 appeared to be ts for one or more characteristics when compared with wildtype virus growth at 32 °C. These are listed in Table 2 . * P/C, number of polyhedra per cell infected, st, Mutants formed many (more than five) polyhedra in infected cells; r, mutants formed few (less than five) polyhedra in infected cells; N, no polyhedra were observed by 48 h post-infection.
RESULTS
Mutagenesis of HcNPV
t At 32 °C, the mutants in the parentheses showed more than one phenotype in the plaque assay.
Characteristics of HcNPV ts mutants
At 25 °C the wild-type strain HcNPV HL-2 produces plaques 3 to 4 mm in diameter, whereas at 32 °C, the plaques are only 2.5 to 3 mm in diameter. Many polyhedra are formed at both temperatures. The number of NOVs released from the wild-type virus at 25 °C was 5.7 x 108 p.f.u./ml which was similar to the value obtained at 32 °C. Differences between the ts mutants at 25 °C and 32 °C were observed by plaque assay. The 12 ts mutants could be divided into four groups by their properties in plaque assays at 32 °C ( Table 2 ). The first group (I) failed to form polyhedra. One mutant, ts-N1420, formed no polyhedra at 32 °C, but formed many in the nuclei of infected cells at 25 °C. The second group (II) showed reduced polyhedron formation. Five mutants, is-N606, -N649, -N 1498, -N2065 and -N2085, produced few polyhedra in their plaques at 32 °C, but many at 25 °C. The third group (III) had a reduced number of plaques. Three ts mutants, ts-N 1491, -N 1420 and -N649, showed a 10 z-to 103-fold reduction in the number of plaques at the non-permissive temperature ( Table 2 ). The ratio of plaques at 25 °C and 32 °C was not changed when the mutants were passaged five times. All 12 mutants showed a 10-fold reduction in number of plaques at 32 °C. The fourth group (IV) had a reduction in plaque size. Seven mutants, ts-N258, -N606, -N649, -N877, -N1488, -N1512 and -N2076 formed plaques one-third to one-fifth the diameter of those formed at the non-permissive temperature * The incubation temperature was 25 °C for the initial 12 h post-infection; it was then shifted up to 32 °C. t The incubation temperature was 32 °C for the initial 12 h post-infection; it was then shifted down to 25 °C. :~ At 32 °C, no polyhedra were observed in the infected cells.
( Table 2 ). Mutant ts-N649 formed few polyhedra at 32 °C, but the other mutants in group IV produced many polyhedra in the nuclei of infected cells at 25 °C.
Effects of temperature on the time of polyhedron formation
The effects of temperature on the time of polyhedron formation in S. frugiperda cells infected with the wild-type virus and its mutants are shown in Table 3 . In the case of the wild-type infection polyhedron formation was 4 h faster at 32 °C than at 25 °C. In the case of ts-N1420, polyhedra were not formed at 25 °C even 48 h post-infection, indicating a late function defect in the mutant. All mutants formed polyhedra 2 to 4 h faster at 32 °C than at 25 °C and after temperature shift-up at 12 h post-infection polyhedra formation was 2 to 4 h faster at 32 °C than at 25 °C. Temperature shift experiments could, therefore, be useful to assess whether early or late gene functions are involved.
Production of extracellular NO Vs
At 30 h post-infection each of the ts mutants was measured for its ability to release infectious NOVs into the culture media of infected S.frugiperda cells at the permissive and non-permissive temperatures. The wild-type virus produced equal ratios of NOVs at 25 °C and 32 °C. Two ts mutants, ts-N606 and ts-N649 were ts in the release of NOV. At 32 °C, the amount of NOVs released by the two mutants was 102-fold less than at 25 °C (Table 4 ). Release of NOVs by mutants ts-N 1420 and ts-N2085 was reduced 103-to 10~-fold from that of the wild-type at either temperature (Table 4) . Other ts mutants grown at 25 °C released NOVs into the culture medium in similar amounts to the wild-type. The amount of NOVs released at 32 °C was dependent on the specific ts mutant.
Complementation analysis by formation of polyhedra
In single infections with the mutants the proportion of cells containing polyhedra at 32 °C ranged from 2 to 94-670 (Table 5 ). The ts mutants that caused over 80~ of the cells to form polyhedra in single infections were not used for complementation tests. The percentage was quantitatively determined for high multiplicity infections (10 p.f.u./cell) after 48 h incubation at 32 °C (Table 5) . A complementation analysis was therefore carried out on the basis of polyhedron formation in cells infected with pairs of ts mutants at 32 °C. In double infections by seven of the mutants the percentage of cells containing polyhedra increased. Therefore, the seven mutants may belong to four complementation groups. Using the four mutants ts-N606, were determined by plaque assay at 27 °C after 30 h infection at either 25 °C or I" Temperature-sensitive in the production of non-occluded viruses.
-N649, -N877 and -N 1420 the percentage was not increased on double infection. This indicates that these mutants may belong to one complementation group although they were isolated from different mutagenized virus stocks and are distinguishable by other phenotypic criteria (Table 2) .
DISCUSSION
The twelve ts mutants of HcNPV isolated after NTG treatment belong to at least four different complementation groups and were sorted into four phenotypic groups by their characteristics at the non-permissive temperature; groups that failed to form polyhedra, formed few polyhedra, produced a reduced number of plaques, or formed smaller plaques. In the case of AcNPV, Brown et al. (1979) isolated 27 ts mutants, and divided these into two major groups on the basis of their phenotypic characteristics at the non-permissive temperature: NO V mutants and Poly mutants. These were then assigned to four complementation groups. Lee & Miller (1979) also isolated 16 AcNPV ts mutants, and classified them into four distinct phenotypic groups and 15 complementation groups. The complementation index between the ts mutants was determined by titration of NOVs, counting the cells containing polyhedra or measuring the amount of polyhedrin synthesis by radioimmunoassay.
One mutant, ts-N1420, produced NOVs but was defective in the formation of polyhedra in infected S. frugiperda cells and exhibited reduced plaque formation at the non-permissive temperature (32 °C). The titre of NOVs at 30 h post-infection was low at both temperatures. This mutant produced polyhedra in infected cells when the temperature was shifted down to 25 °C at 12 h post-infection, indicating that the mutation may be in a late gene. Lee & Miller 0979) reported that one ts mutant (ts-B837) of AcNPV was defective in the formation of polyhedra and had a reduced plaque size; this is, however, different from ts-N1420 in the frequency of plaque formation. Brown et al. (I 979) have also isolated four mutants which do not form polyhedra at 32 °C, but produce high titres of NOV at 32 °C.
Group II ts mutants produced fewer polyhedra in infected cells at the non-permissive temperature without altering the amount of NOVs produced. This suggests that genetic control of polyhedron formation in virus development must be regulated by several genes (Summers & Smith, 1978) . Electron microscopic observations also suggest that the morphogenesis of polyhedra is complex (Summers & Arnott, 1969; Oh & Lee, 1987) . Mutants ts-N606 and ts-N649 showed a reduction in plaque size (Table 2 ) and a lowering of NOV titre at 32 °C (Table 4 ). This group of mutants is different from the FP variants described by Hink & Strauss 0976) and et al. (1976) because the latter do not exhibit temperature sensitivity. The five group II mutants are candidates for further study of the mechanisms of polyhedron formation. The three group III mutants showed a 10 z-to 103-fold reduction in the number of plaques formed at the non-permissive temperature (Table 2 ). These mutants were examined for reversion by passage five times at 25 °C, but the ratio of plaquing efficiency at 25 °C and 32 °C was unchanged. In ts-N1420 the reduction in the number of plaques formed was mainly due to the low production of NOVs and the lack of polyhedron formation at the non-permissive temperature. Ts-N649 showed a reduction in the number of polyhedra formed within infected cells and the size of the plaques formed; these two factors may explain the low level of plaque formation.
Group IV ts mutants (seven) showed a reduced plaque size at 25 °C, to one-third to one-fifth of their diameter at the non-permissive temperature (Table 2) . Ts-N649 and ts-N606 formed small plaques with few polyhedra at 32 °C, but the other mutants produced small plaques with many polyhedra in the nuclei of infected cells and also released high titres of NOVs at 32 °C. AcNPV ts mutants that formed plaques of reduced size were reported by Lee & Miller (1979) , and were shown to be ts with respect to the number of plaques produced. Plaque size and number may be correlated because the plaque-forming properties of ts mutants change at the non-permissive temperature.
For monolayers infected with mutants ts-N1420 and is-N2085 and incubated at 25 or 32 °C the production of extracellular NOVs at 30 h post-infection is 103-to 105-fold lower than that due to the wild-type virus. This suggests that these mutations may affect the production or release of NOVs. Lee & Miller (1979) performed complementation analysis of 16 AcNPV ts mutants by measuring the increase in extracellular NOV formation or by observing polyhedron formation in double infections at the non-permissive temperature, and found 15 complementation groups. Brown et al. (1979) have isolated 27 ts mutants of AcNPV and sorted them into complementation groups on the basis of the level of polyhedrin synthesis for the Poly mutants, and on virus yield and polyhedrin synthesis for the NO V mutants. Nine mutants formed five complementation groups. We performed complementation analysis between ts mutants on the basis of polyhedron formation in cells doubly infected at 32 °C. Studies of morphogenesis of NPVs indicate that polyhedra are formed during the late phase of multiplication, after the synthesis of NOVs and viral envelopes, from virogenic stroma in the infected nuclei (Summers & Arnott, 1969; Harrap, 1972; Knudson & Tinsley, 1974; Knudson & Harrap, 1976; Min & Lee, 1982; Oh & Lee, 1987) . We found that in double infections between seven ts mutants the percentages of cells containing polyhedra were increased. With these results the seven mutants could be assigned to four complementation groups (Table 5) , representing different mutation sites in the genes involved in the formation of polyhedra. Although four mutants (ts-N649, -N877, -N606 and -N1420) were used to double infect, the percentage of cells containing polyhedra was not increased. The reason may be that the mutants have different mutated sites in the same gene or that one mutant in a double infection may begin multiplication before the other and so interfere with its replication (Cairns, 1960) .
The phenotypes of the HcNPV ts mutants described here may form the basis for continued genetic analysis of an NPV other than AcNPV. More biochemical work is necessary to explore further the nature of the ts mutant defects and to understand the control of baculovirus development.
